Abstract. Tubular dysfunction is a hallmark of severe leptospirosis. Antimicrobial therapy is thought to interfere on renal involvement. We evaluated the expression of a proximal tubule type-3 Na + /H + exchanger (NHE3) and a thick ascending limb Na + -K + -2Cl − co-transporter (NKCC2) in controls and treated hamsters. Animals infected by a serovar Copenhageni isolate, were treated or not with ampicillin (AMP) and/or N-acetylcysteine (NAC). Leptospiral antigen(s) and expression of renal transporters were evaluated by immunohistochemistry, and serum thiobarbituric acid (TBARS) was quantified. Infected hamsters had high amounts of detectable leptospiral antigen(s) in target tissues while renal expression of NHE3 and NKCC2 decreased. Ampicillin treatment was associated with minimal or no detection of leptospiral antigens, normal expression of NHE3 and NKCC2 transporters, and reduced levels of TBARS. NAC effect was restricted to lowering TBARS. Early and late AMP treatment rescued tubular defects in severe leptospirosis disease, and there was no evidence of benefit from antioxidant therapy.
INTRODUCTION
Leptospirosis is a zoonosis of worldwide distribution.
1,2
About 5-10% of all human infections occur with severe forms. Weil's syndrome, the most common presentation of severe forms of leptospirosis, may present either as a biphasic or as a single monophasic disease characterized by a combination of hemorrhage, particularly in the lung, renal failure, and jaundice, with fatality rates ranging from 55% to 25%. 1, 3, 4 Hamsters and guinea pigs reproduce both severe forms of leptospirosis under experimental conditions. [5] [6] [7] The kidney is an important target organ in leptospiral infection. [8] [9] [10] Clinically, renal involvement in leptospirosis occurs in 16-40% of cases and is unique because of the atypical presentation of polyuria, hypokalemia, and sodium and potassium wasting. 9, 11, 12 Severe renal dysfunction progresses to dehydration, hyperkalemia and oliguria, paralleled by acute tubular necrosis, and predicts higher lethality. 13, 14 The pathogenesis may be related to direct toxic effects of leptospiral compounds on renal transporters and microcirculation or to indirect effects of the pro-inflammatory response, with severe tissue damage due to oxidative stress. [15] [16] [17] N-Acetylcysteine, an antioxidant, scavenger of reactive oxygen species, could be considered for adjunctive therapy in this disease, as it interferes with the oxidative effects of inflammation. 18 The postulated targets of tubular dysfunction in leptospirosis are related to the major sodium transporters expressed along the nephron. [19] [20] [21] The type-3 Na + /H + exchanger (NHE3) provides the major route for sodium transport across the apical membrane of the proximal tubule. The Na + -K + -Cl − co-transporter (NKCC2) plays a role in the regulation of water excretion and fine control of sodium balance in the thick ascending limb (TAL), [22] [23] [24] and Na + /K + -ATPase participates in the sodium and potassium balance. 25 During leptospiral infection, lesions involves the proximal tubules, with leptospiral antigens shown mainly in that segment. 10 Previous experiments showed a downregulation of NKCC2 co-transporter activity, in TAL segments during leptospiral infection. 19 A wide range of antimicrobial therapy for leptospirosis has been described in human and experimental studies, [26] [27] [28] [29] and benefits have been disputed for cases with > 4 days of clinical disease. 30, 31 There is also evidence that, after a threshold of leptospiremia, the delayed use of antibiotics is unlikely to reduce lethality. 32, 33 Supportive treatment of renal failure is crucial in clinical management with a major impact on fatality. 13, 14 A limited number of specialized studies have focused on the molecular basis of ionic transport dysfunction in kidneys among patients with severe leptospirosis, 19 but no reports have yet evaluated the impact of antibiotics on their expression.
The present study addresses therapeutic removal of leptospires from infected target tissues, its importance on the baseline expression of NHE3 and NKCC2 in infected hamsters reproducing the two forms of clinical presentations of Weil's syndrome. We also propose to determine the levels of systemic markers of oxidative stress in the same model and the effect of N-acetylcysteine (NAC) as adjunct therapy.
MATERIALS AND METHODS

Leptospira.
Leptospira interrogans serovar Copenhageni strain FIOCRUZ L1-130 was originally isolated from a patient with severe leptospirosis during an epidemic outbreak in 1996. 34 The strain was passaged and re-isolated four times from hamsters after isolation from a blood culture from the patient and stored at −70°C. Frozen aliquots were thawed and passaged in liquid medium seven times prior its use as a lowpassage-number isolate. Leptospires were cultivated in liquid Ellinghausen-McCullough-Johnson-Harris (EMJH) medium (Difco Laboratories, Detroit, MI) at 29°C, and counted in a Petroff-Hausser counting chamber by darkfield microscopy (Fisher Scientific, Pittsburgh, PA).
Animals.
Female golden Syrian hamsters weighing 80-85 g (Fiocruz-Bahia), were maintained under conventional environmental conditions and observed twice daily. Animals were inoculated intraperitoneally with 1 mL of EMJH medium (Difco Laboratories) adjusted to obtain 10 8 leptospires in Experiment 1 (E1) and 10 3 in Experiment 2 (E2). Both experiments intended to reproduce two clinical forms of Weil's diseases: E1, the acute monophasic progressive illness, and E2, a prolonged course of infection. Animals were euthanized with sodium thiopental at defined dates. At necropsy, blood and target organs (kidney, lung, and liver) were collected for serum and histopathology analysis respectively. All experiments were approved by the Institutional Animal Care and Use Committee.
Experimental design. In E1, animals were injected with 10 8 leptospires and received no treatment (infected-untreated group). The AMP-treated group was infected with the same inoculum and received AMP subcutaneously, 100 mg/kg/day bid (AMP group). The NAC-treated group received a NAC dose of 100 mg/kg/bid intraperitoneally (NAC group). The AMP plus NAC group was treated with both drugs (AMP+NAC group). Therapy was started after clinical detection of fever, prostration, and piloerection. Animals were killed on the fifth day based on previous pilot experiments which identified this as the probable date of death for hamsters infected with the same strain and inoculum. For each antimicrobial tested, the treated group included 6 animals per group. The untreated infection group was inoculated under the same conditions and included 6 animals per group. In E2, animals were injected with 10 3 leptospires and received no treatment (infected-untreated1 group). The AMPtreated group received AMP subcutaneously, 80 mg/kg/day bid (AMP1 group). The NAC-treated group received a dose of 100 mg/kg/bid intraperitoneally (NAC1 group), and the AMP plus NAC group was treated with both drugs (AMP+NAC1 group). Each group included 6 animals. Therapy was started 6 days after infection and was continued for 4 days. Animals were killed on the tenth day, based on previous pilot experiments that identified this as the probable date of death for hamsters infected with the same strain and inoculum. The antimicrobial drugs were tested with lower dosage also in this experiment. Ampicillin subcutaneously, 80 mg/kg/day bid (AMP2 group), and AMP plus NAC (AMP+NAC2 group). Therapy was started 8 days after infection and was continued for 3 days. The animals were killed on the eleventh day. Each subgroup included 3 animals.
Previous observations indicated that both AMP doses were effective, 28, 29 but the different doses used were selected in an attempt to recapitulate two forms of treatment in Weil's syndrome. The higher inoculum presumably induces earlier symptoms and requires a higher antimicrobial dose, while the lower inoculum induces a longer preclinical interval and requires lower but also effective antibiotic doses.
Parallel to this study, non-infected hamsters were examined to verify baseline expression of NHE3 and NKCC2 on renal tissue.
Serum analysis. A product of lipid peroxidation and a marker of oxidative stress were determined by the thiobarbituric acid method as described elsewhere, 35 while urea and bilirubin were determined by spectrophotometry.
Histology and immunohistochemistry (IHC) assay. Tissues (kidney, lung, and liver) from untreated and treated animals were fixed in 4% formalin, embedded in paraffin, cut into 3-m sections, and used for conventional histology (H&E) and IHC to assess the presence of leptospiral antigen(s) (LAg). Immunohistochemistry was also performed to determine the expression of the renal sodium transporters NHE3 and NKCC2 in kidney tissue from infected untreated and treated animals as well as the baseline expression of noninfected hamsters.
IHC protocol for LAg. Immune serum was raised in rabbits according to a previously described standard procedure. 36 Primary antibody titer was used at 1:7000 dilution. Kidney, liver, and lung 3-m sections were analyzed using EnVision (DAKO code K4011) based on immunohistochemistry methods.
36
NHE3 and NKCC2 protocol. The sections were dewaxed and rehydrated, and the endogenous peroxidase was blocked by incubation with 3% H 2 O 2 in absolute methanol for 10 min at room temperature. Sections were then incubated with 1 M Tris solution (pH 9.0) supplemented with 0.5 mM EDTA and heated using a microwave oven for 10 min to unmask antigen(s). Nonspecific binding of immunoglobulin was prevented by incubating the sections in 50 mM NH 4 Cl for 30 min, followed by blocking in PBS supplemented with 1% BSA, 0.05% saponin, and 0.2% gelatin. Sections were incubated overnight at 4°C with primary antibodies diluted in PBS supplemented with 0.1% BSA and 0.3% Triton-X 100.
Primary antibodies (rabbit polyclonal) NHE3 and NKCC2 were used in 1:100 and 1:50 dilutions respectively. 37, 38 Reactions were completed by incubating tissues with a dextran polymer (En Vision, DAKO code K4011). DAB was used to reveal the end products of the reactions.
Statistical analysis. Data are reported as mean ± SD. The non-parametric Kruskal-Wallis test was used to compare serum marker measurements between groups.
Comparison between two independent groups was performed by the non-parametric Mann-Whitney test. Correlation coefficients between variables were determined by Spearman rank correlation. The level of significance was set at P < 0.05 in all analyses. The SPSS package was used in this study (SPSS Inc., Chicago, IL).
RESULTS
Course of Weil's syndrome. In E1, in which antimicrobial treatment was programmed to start after the initial signs of Weil's syndrome, fever, prostration, and/or piloerection were observed 36 hours after infection. Hemorrhage, mainly in the nasal mucosa, was observed on the third day. In untreated animals, signs persisted until death, whereas AMP-treated animals showed no abnormalities until the day of sacrifice. All untreated animals developed clinical signs of disease, and half of them died before the fifth day.
In E2, the animals showed signs related to severe disease by the eighth day. Clinical signs were seen in 2/3 of untreated and NAC-treated animals. Only one death each was observed in the AMP+NAC groups, on day 8 in the first group and on day 10 in the second group (Table 1) .
Histopathology and immunohistochemistry (IHC) assay. Kidneys of infected animals were obtained from E1 (day 5) and E2 (days 10 and 11). The kidneys showed tubular necrosis in both experiments and evidence of focal interstitial nephritis in E2 (Figure 1 ).
Persisting mild lesions or almost normal tissues were observed in animals treated with AMP in E1 and E2. IHC staining detected large amounts of leptospiral antigen(s) (LAg) in tubular cells, and this feature was more evident in E1. All of the AMP-treated animals of E1 and E2 showed lesser amounts or cleared LAg in kidney tissue ( Figure 1 ). NAC did not induce any additional effect in either experiment.
Lung sections from the animals of both experiments revealed focal alveolar hemorrhage more prominent in E1 samples. Ampicillin-treated animals showed normal lung his- tology. LAg could be detected in lung tissue but in smaller amounts when compared with other tissues. Treated animals showed a significant decrease of tissular LAg. No differences were observed in either experiment when NAC was added to the treatment (Figure 2) .
Liver sections from the animals of both experiments revealed a typical picture of hepatocyte trabecular disarray and regenerative features. Ampicillin-treated animals showed normal appearing hepatic trabeculae. Similar to other tissues, only AMP treatment was associated with decreased amounts or clearance of LAg (Figure 3) .
IHC demonstration of NHE3/NKCC2. The expression of NHE3 and NKCC2 in E1 and E2 was compared with that of normal, non-infected hamsters. In kidney tissues from E1 and E2, decreased or absent NHE3 activity was observed in the proximal tubules of infected hamsters, with the decrease being more marked in E1. In animals treated with AMP and AMP+NAC, anti-NHE3 antibody labeled the apical plasma membrane domains of the proximal tubules and showed increased activity compared with normal and infected animals ( Figure 4) . Similarly, IHC revealed a decrease in NKCC2 in the apical part of TAL cells of infected animals in both experiments, whereas an increase was observed in treated animals, especially in E1 ( Figure 5 ). After antimicrobial treatment, and after Leptospira clearance, the expression of the transporters recovered.
A semiquantitative analysis from 0 (absent) to +++ (intense) was applied to verify LAg semiquantitative analysis and NHE3 and NKCC2 expression from all animals.
After they were killed, all of the animals showed LAg distribution on kidney, lung, and liver tissues. Animals that were treated with AMP and AMP+NAC demonstrated leptospiral decreased distribution, or clearance. Results of the kidney semiquantitative analysis of LAg and the NHE3 and NKCC2 expression from infected nontreated and AMP-treated animals in both experiments are in Table 2 .
Serum analysis. In E1 and E2, the urea values of untreated controls were 412 ± 150 and 392.5 ± 57 mg/dL, respectively, being significantly higher than those of the AMP group (63 ± 18 and 102 ± 9 mg/dL, respectively) and the AMP+NAC group (62 ± 04 and 98 ± 10 mg/dL, respectively) (P < 0.005). There was no difference between the untreated and NAC groups.
In E1 and E2, the serum bilirubin values of untreated controls were 11.0 ± 2.8 and 17 ± 3.5 mg/dL, respectively, being significantly higher than those of the AMP group [< 1.0 mg/ dL (E1 and E2)] and the AMP+NAC group [< 1.0 mg/dL (E1 and E2)] (P < 0.005). There was no difference between the untreated and NAC groups.
In E1, in untreated control animals, serum TBARS levels were 17.6 ± 7.2 mol/L, being significantly higher than those of the NAC (3.2 ± 1.7 mol/L), AMP (3.1 ± 1.6 mol/L), and AMP+NAC (2.1 ± 1.2 mol/L) groups (P < 0.005).
DISCUSSION
In the present study, we were particularly interested in the effects of antibiotics and adjuvant antioxidant therapy on the NHE3 and NKCC2 renal transporters, which have been recently implicated in leptospiral acute renal failure. 19, 20 Two experiments simulating two clinical presentations of Weil's disease were designed: the high-inoculum experiment (E1) was associated with earlier disease onset (fulminant monophasic illness) and higher amounts of leptospiral antigen(s) in tissues. The low-inoculum experiment (E2) was associated with prolonged disease (prolonged course of infec- Guinea pigs and hamsters are suitable experimental models for acute lethal leptospirosis. [5] [6] [7] The spectrum of physiologic and morphologic lesions ranges from renal tubular and interstitial damage to pulmonary hemorrhages and jaundice, 7, 39, 40 which were demonstrated in untreated infected hamsters in both experiments. 
UNTREATED, untreated controls; AMP-treated, ampicillin-treated group from E1; AMP 1-treated, ampicillin-treated group from E2, started treatment on day 6 post-infection; AMP 2-treated, ampicillin-treated group from E2 started treatment on day 8 post-infection; LAg, leptospiral antigen.
Blood urea has been previously used as a marker of renal failure in experimental leptospirosis, 6, 39 and also in our study infected animals presented a high serum urea levels. Blood samples obtained were too small to allow measurements of other biochemical parameters.
The two deaths seen in the treated groups probably indicate the limitation of antimicrobial therapy in the late stage of infection. 41 Renal tubular lesions, focal alveolar hemorrhage, and liver plate disarray induced in the present animal model are the typical features of human and experimental leptospirosis. 39, [42] [43] [44] Identification of leptospira and/or their antigen(s) by IHC showed more LAg in kidney, liver, and lung in E1. The low amount of LAg detected in lung tissue is in accordance with previous findings. 6, 45, 46 The effect of antimicrobial therapy for leptospirosis in clinical practice is a debated issue. Although most authors indicate the use of antibiotics irrespective of the duration of symptoms, 26, 47 available data from human disease and experimental models question the impact of antimicrobial therapy on late infection (after 4-5 days of symptoms). 28, 32, 33 A wide range of antibiotics are effective against leptospires in vitro, in experimental animal models and in clinical trials. [27] [28] [29] The probable explanation for the lack of impact of antimicrobial therapy on mortality in some instances is that, once they occur, renal and lung complications cannot be reversed by antibiotics and thus supportive care (peritoneal dialysis, mechanic ventilation) is an important tool to improve survival.
We believe these data are particularly important in the case of NHE3 and NKCC2 renal transporters because recent data have implicate direct toxic effects of leptospiral compounds on their inhibition. 19 Ampicillin was selected because previous studies demonstrated benefits in vivo. 28, 29 Our choice to start antibiotics after the onset of clinical signs of leptospirosis in E1 and later in E2 better reflects the reality of clinical practice.
In both E1 and E2, treated hamsters presented significant decreased levels of systemic urea and bilirubin. Bilirubin is not directly related to renal failure, but when jaundice is present in Weil's disease, it increases morbidity and in some cases it has been used as a marker of disease severity. 48 Histopathology of all treated animals in both experiments demonstrated a reduction or clearance of LAg and also a reduction of the most common lesions occurring in severe disease.
Leptospirosis is associated with peculiar defects in ionic transport along the nephron, resulting in excessive sodium and potassium wasting.
9,10 Different mechanisms have been postulated and recent evidence points to inactivation and downregulation of NKCC2 in TAL cells or a toxic inhibition of Na + /K + -ATPase by leptospiral lipids. 19, 25 Recently, downregulation of NHE3 in renal proximal tubules was also demonstrated. 20 Previous studies have shown that the main factors associated with the pathogenesis of the disease are the presence of organisms and possibly the production of toxins. 5, 6 The proximal tubular location of leptospires and their products has been confirmed by some studies. 6, 15 Wu and others 19 demonstrated the inhibitory effect of Leptospira santarosai serovar Shermani outer-membrane protein on NKCC2 in TAL cells. This inhibition results in more distal sodium delivery and subsequent renal potassium loss. Specific antiserum against the outer membrane protein of that leptospiral strain showed that inhibitory effects were partially abolished by antiserum. 19 There is at least a direct effect from leptospira or leptospira compounds on renal transporters. In this experiment using an outer membrane protein from L. shermani, it inhibits Na + -K + -Cl − co-transporter (NKCC2) activity in medullary TAL cells, and these changes were dose dependent and reversed using antibody against outer membrane protein from L. shermani. In the same study, they suggested that cultured mTAL cells after 48 hours of incubation with L. shermani decreased NKCC2 activity and it was not related to cell damage. 19 These experimental observations are in accordance with the physiologic characterization of ionic imbalance in patients with severe leptospirosis. 19, 21 In parallel to this study, we detected in both experiments a reduced NKCC2 expression in infected animals re-established after antimicrobial treatment. This was more striking in E1, but a limitation of the study was that quantification of renal transporter activity was not feasible. However, the differences between infected-untreated and treated hamsters, were evident. These results were similar to those observed for NHE3.
Andrade and others demonstrated inhibition of NHE3 activity, but increased NKCC2 activity in hamster with acute renal failure infected with serovar Pomona. 20 The difference between our study and that of Andrade and others is that our model represents severe disease, with inocula of serovar Copenhageni producing more marked acute renal failure.
Because our model reproduced severe renal failure, it could temporarily affect these renal transporters. The present study did not focus on the primary event that triggers renal transporter dysfunction but did show that antibiotic therapy improves the expression of target molecules and renal function, as observed by serum urea measurements.
A role for systemic inflammation in leptospirosis is still disputed. A cross-sectional study on humans with severe disease demonstrated elevated serum markers of oxidative stress. 17 A positive correlation between serum nitric oxide levels and creatinine in patients with acute severe leptospirosis was observed. 49 Human and experimental studies using NAC demonstrated benefits against systemic inflammation and oxidative stress in different diseases and appeared to be a promising adjuvant therapy for malaria. 50 In the present study, NAC decreased the serum levels of TBARS when administered alone to infected animals and had no beneficial effect on the histopathology or immunohistochemistry assays when administered alone or in combination with AMP.
The present study confirmed the reduced expression of NHE3 in the proximal tubules in a model of severe disease in both experiments, with expression being rescued by AMP treatment, probably due to leptospiral clearance. The same findings were observed for NKCC2 in TAL in both experiments. Our findings do not provide evidence of any benefit of antioxidant therapy in experimental leptospirosis. We suggest that tubular dysfunction in leptospirosis is probably related to direct effects of leptospires and/or their products on renal transporters and can be reversed by early and late antimicrobial therapy. This observation provides a further rationale to support the use of antibiotics in clinical practice even in late infection complicated by severe renal and respiratory disease. 
